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Edited by Maurice MontalAbstract Crystal structure of ubiquitous toxin from barley a-
hordothionin (a-HT) has been determined at 1.9 A˚ resolution
by X-ray crystallography. The primary sequence as well as the
NMR solution structure of a-HT ﬁrmly established that a-HT
belongs to a family of membrane active plant toxins–thionins.
Since a-HT crystallized in a space group (P41212) that is diﬀer-
ent from the space group (I422) of previously determined a1- and
b-purothionins, and visocotoxin A3, therefore, it provided inde-
pendent information on protein–protein interactions that may
be relevant to the toxin mechanism. The structure of a-HT not
only conﬁrms overall architectural features (crambin fold) but
also provides an additional conﬁrmation of the role for crucial
solute molecules, that were postulated to be directly involved in
the mechanism of toxicity for thionins.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Thionins constitute an important family of plant toxins that
were implicated in antifungal and antibacterial activities [1].
Those very heat stable small proteins (5 kDa) are highly ba-
sic with pI > 10 and have three or four disulﬁde bonds. The
primary sequence alignments suggested that the architecture
of these sulfur-rich proteins is homologous to crambin [2].
Crambin is a small 46 amino acid protein isolated from
Crambe abyssinica (Abyssinian cabbage). It belongs to a large
family of thionins expressed diﬀerentially in diﬀerent tissues of
this organism [3]. Crambin is non-toxic because it lacks crucial
residues that were suggested to be important for membrane
activity [4]. It, however, diﬀracted X-rays to very high resolu-
tion [5]. It has an a + b architecture with a short b-sheet and
two a-helices. The structure is stabilized by three disulﬁdeAbbreviations: a-HT, a-hordothionin; a1-PT, a1-purothionin; b-PT, b-
purothionin; MPD, 2-methyl-2,4-pentane diol; CAC, sodium cacodyl-
ate; AS, ammonium sulfate; PEG, polyethylene glycol; PTS, p-toluene
sulfonate
*Corresponding author. Fax: +1 915 747 5748.
E-mail address: bstec@utep.edu (B. Stec).
1 Present address: Department of Biochemistry and Biophysics, The
Arrhenius Laboratories for Natural Sciences, Stockholm University,
SE-106 91 Stockholm, Sweden.
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2004.12.100bonds that render the structure very thermostable. The crystal
structures of this protein and other members of this family
were determined in Dr. M. Teeters laboratory at Boston Col-
lege. The structure of crambin and then structures of wheat
toxins a1-purothionin (a1-PT), and b-PT have been determined
at 0.54, 2.5 and 1.7 A˚ resolution [6–8]. Additionally, several
solution structures of other thionins such as phoratoxin, visco-
toxin, dendratoxin, hellatoxin and hordothionin have been de-
rived by NMR [9–12]. Recently, also the X-ray structure of
viscotoxin A3 has been published [13].
The structure of a1-PT suggested that the solvent molecules
found in the crystal structure might be important for under-
standing the mechanism of toxicity [7]. We also crystallized
b-PT that diﬀers from a1-PT only at ﬁve residues in order to
understand the role of those solvent molecules and possibly
the toxic mechanism of thionins. The changes at positions 27
and 42 where glycine residues replaced asparagine and aspartic
acid residues, respectively (Table 1), inﬂuenced the crystal
packing but not the architecture of the toxin. Both toxins have
similar folding to crambin with the exception that they have
four disulﬁdes, have one less residue, and contain similarly lo-
cated solvent molecules.
a-Hordothionin (a-HT) is a 45 amino acid residue toxin
from barley. The NMR derived hordothionin structure has
a very similar architecture to purothionins [12]. However,
the crystal structures of a- and b-PT suggested the impor-
tance of solvent molecules. In order to study the inﬂuence
of solvent molecules on the toxin structures as well as to gain
further insights into the mechanism of toxicity we have inves-
tigated hordothionin by X-ray crystallographic methods. The
study was conducted in collaboration with laboratory of Dr.
Se Won Suh in Seoul (Korea). The protein was isolated from
barley grains, puriﬁed and the structure determined at high
resolution. Again, an unusual solute structure provided sup-
port for previously proposed mechanism of toxicity [14]
and allowed to perform a detailed comparison with that of
a1-PT and b-PT.2. Materials and methods
2.1. Protein puriﬁcation
a-HT has been isolated from unmilled barley seeds (Hordeum vulg-
are). Seeds were obtained from the Wheat and Barley Research Insti-
tute, Korea. Seeds were ground to ﬂour and treated with 0.05 N H2SO4
for 5 h. The sediment was removed and supernatant pH was adjusted
to 7.2. The ﬁltered supernatant was loaded on the DEAE–cellulose col-
umn and subsequently on to the CM–cellulose column. Protein was
eluted with 0.8 M NaCl in 50 mM sodium phosphate buﬀer pH 7.2.
The eluted fraction was loaded again on the CM–cellulose column thatblished by Elsevier B.V. All rights reserved.
Table 1
Sequence alignment of hordothionins with purothionins
a-Hordothionin KSCCRSTLGR NCYNLCRVRG AQKLCAGVCR CKLTSSGKCP TGFPK
b-Hordothionin KSCCRSTLGR NCYNLCRVRG AQKLCANACR CKLTSGLKCP SSFPK
a1-Purothionin KSCCRSTLGR NCYNLCRARG AQKLCAGVCR CKISSGLSCP KGFPK
b-Purothionin KSCCKSTLGR NCYNLCRARG AQKLCANVCR CKLTSGLSCP KDFPK
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The fractions containing the protein were collected and concentrated.
The identity of the protein was conﬁrmed by 25% SDS–PAGE.
2.2. Crystallization of a-HT
Initial crystal screening was carried out by sparse matrix method
with factorial design in 24 well-culture plates by vapor diﬀusion hang-
ing drop method. The initially obtained conditions were optimized by
systematic screening. The ﬁnal crystallization conditions included res-
ervoir buﬀer: 20–24% polyethylene glycol (PEG) 2000–8000, 50 mM
sodium p-toluene sulfonate, 25 mM ammonim sulfate 1% PEG 400
in 100 mM citriate buﬀer, pH 5.6. The hanging drop was formed by
taking 4 ll of reservoir solution that was mixed with 4 ll protein solu-
tion that contained 30 mg/ml protein suspended in 50 mM CAPS buf-
fer, pH 10.5. The best crystals were obtained at room temperature as
well at 16 C. Addition of sodium p-toluene sulfonate proved to be cru-
cial in getting large well-diﬀracting crystals. The pH of the ﬁnal crys-
tallization buﬀer was around 7.2.
2.3. Data collection and analysis
The crystals were loaded to the thin-walled glass capillaries and cen-
tered on the diﬀractometer. Two data sets were collected in house using
Rigaku rotating anode generator (RU 200) and FAST area detector
system (Enraf-Nonius). The rotating anode was operated at 40 kV
and 70 mA and monochromatized Cu Ka X-ray beam was used with
0.3 mm collimator. The crystals showed P41212 space group symmetry
and cell dimensions 68.66, 68.66, 47.47 A˚.
Approximately 130000 observations were recorded and reduced to
8980 independent reﬂections. The data were reduced using MADNES
[15]. The observed intensities were next reduced by applying the usual
Lorentz and polarization corrections and scaled together by the Fou-
rier scaling program by Weissman. Final Rsym for the data was 7.9%
based on intensities (Rsym = Ri|ÆIæ  Ii|/RÆIæ). This data set is 99% com-
plete to 1.9 A˚ with high redundancy.
2.4. Structure solution and reﬁnement of the a-HT
Since it was concluded that the structure of b-PT should be similar
to that of a-HT, a model for the latter was built from the structure of
the former by changing the appropriate residues using programTable 2
Summary of data collection and restrained least-squares reﬁnement
parameters for a-HT
Space group P41212
Cell dimension (A˚) 68.66, 68.66, 47.47
R-merge 0.078
Completeness (%) 93
Resolution (A˚) 1.9
Number of structure factors 8963
R-factor 0.170
Rfree 0.212
rms deviations from ideal distance (A˚)
Bond distance 0.017
Angle distance 0.032
Planes 1–4 distance 0.042
Ramachandran plot
Most preferred 92.1
Allowed 7.9
Temperature factors (A˚2)
Subunit A 27.2
Subunit B 23.3
p-Toluene sulfate 15.7
Serine 54.2CHAIN [16]. A model of a monomer was used in molecular replace-
ment method using AMORE [17]. A clear solution was obtained.
Upon a closer inspection, a second solution was found that matched
the density calculations. A translational search produced two mono-
mers in an asymmetric unit that upon application of the crystal sym-
metry created an interacting dimer.
The initial model was optimized by XPLOR [18] by rigid body
reﬁnement and simulated annealing methods. The several rounds of
manual rebuilding and simulated annealing, positional and tempera-
ture factor reﬁnement reduced the R factor to around 0.2. The model
was subsequently reﬁned using SHELX97 [19]. The resulting model with
2 · 337 protein atoms was used in the ﬁnal rounds of restrained least-
squares reﬁnement. The reﬁnement and the modeling were done on the
SGI and Linux workstations. The data collection and structure reﬁne-
ment data are presented in Table 2.2.5. Modeling of solvent molecules
The Fo–Fc map produced after the ﬁrst 26 cycles of reﬁnement
(round 1), showed clearly several water molecules but also very clear
density for p-toluene sulfonate (PTS). Two molecules of PTS were
present corresponding to similar positions in both monomers. Intro-
duction of the solute molecules improved the phases to the level at
which modeling of 100 water molecules was possible. It is worth not-
ing that as in a-PT an extended electron density appeared close to
Tyr13 at the site that was postulated to be a phospholipid binding site.
We have used the Fourier methods as well as trial and error method to
determine the identity of this molecule. Conservative modeling was ini-
tiated using three water molecules and was subsequently extended to
glycerol. Finally, a serine residue was determined as the best solution
ﬁtting the electron density. The ﬁnal structure showed superb electron
density throughout the structure with very good stereochemistry and
the ﬁnal R factor of 0.17 (Rfree = 0.212).3. Results and discussion
3.1. Quality of the structure
The quality of the reﬁned structure was assessed using vari-
ous analyses. A model to electron density correlation coeﬃ-
cient was high (>0.8) throughout the structure. A Luzzati
plot [20] indicated a 0.18 A˚ rms error in atomic coordinates.
The geometry of the ﬁnal structure is very good with rms devi-
ations for bonds better than 0.018 A˚ and 1–3 and 1–4 distances
well within expected values for this resolution range. The
Ramachandran plot [21] indicated that 92% residues were in
the most favorable regions and the rest of residues in allowed
or generously allowed regions. Side chain conformers are also
close to ideal rotamer values. All of the side chain conforma-
tions (v1,v2) are in allowed regions of Ponders and Richards li-
brary [22] except four arginines, Arg10, Arg17, Arg19 and
Arg30. This deviation of arginines can be explained in terms
of crystal contacts.
The rms deviation between two independent subunits is
0.32 A˚ for Ca positions and 0.56 A˚ for all atoms. Subunit A
seems to be slightly more mobile with higher average temper-
ature factors. The electron density of most solvent molecules
is very good and two large solute molecules per monomer
are particularly well deﬁned. Fig. 1 shows a typical electron
density map superimposed on the structure.
Fig. 1. A stereo representation of a representative section of the a-HT model (residues 1–17) covered by 2Fo–Fc electron density map. Residues that
contribute to the b-sheet (1–5) and the ﬁrst helix (6–17) are shown. The map is contoured at 1.3r level.
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The secondary structure of a-HT is virtually the same as that
of a-PT [7]. There are only seven very conservative residue
changes from a-PT. The globular fold of a-HT consists of an
antiparallel pair of helices (residues 7–18 and 22–28), two-
and one-half strands of b-sheet (residues 1–4, 31–34 and 45),
an extended coil region (residues 35–39) and ﬁve turns (resi-
dues 5–6, 19–21, 29–30, 35–37 and 40–44). The structure is
crosslinked by four disulﬁde bridges as in a1-PT. The con-
served interaction tethering the C-terminus to the core of the
molecule by double hydrogen bond to Arg10 is observed in
a-HT.
(i) Helices. Two a-helices are found in a-HT (Fig. 2), one
with three turns (termed helix H1, residues 7–18) and
the other with two turns (termed helix H2, residues 22–
28). The H1 helix ends with a turn of 310-helix (Leu15–
Ala18). The side chain of Asn14 is disordered in subunit
B. This residue is also involved in inter-subunit hydrogen
bonds contributing to stabilization of the crystal lattice.
(ii) b-strands. There are four short stretches of residues in ex-
tended conformation, each containing one to four resi-
dues (residues 1–4, 32–34, 38–39 and 46 for the strands
S1, S2, S3 and S4, respectively). Three of them form an
antiparallel b-sheet (S1–S2, S2–S4; Fig. 2).
(iii) Turns. There are ﬁve turns in the structure of b-PT (resi-
dues 5–6, 19–21, 30–31, 35–37, 40–44 for turns T1–T5).
Only two of them (T2 and T4) have a glycine and T5
has a proline in the sequence. The turns T4 and T5 areFig. 2. A ribbon representation of an atomic model of a-HT showing
an independent dimer with solute molecules (PTS and SER) bound (in
green).similar to those of crambin. T5 is a classical type I b-turn
as in crambin with a weak hydrogen bond between the
carbonyl of Pro40 and amide nitrogen of Phe43 (dis-
tance = 3.35 A˚).
3.3. Crystal packing in a-HT
It is quite common that the packing of the crystal lattice pro-
vides information about the native aggregation states of the
molecules. In fact in original isolation papers the dimerization
of PT was reported [23]. Because of high sequence similarity
one would expect similar structures for a-purothionins and
a-hordothionins. Despite the similarities between the mono-
mers, major diﬀerences are observed in the way the proteins
are packed in their lattices. Purothionins were present as
monomers in their asymmetric parts of the cell unit but formed
extensive interactions across the symmetry elements. The
hordothionin is present as an independent dimer (Fig. 2) in
an asymmetric unit but the organization of the dimer is remi-
niscent of PT packing. However, solute mediated contacts in
the hordothionin lattice suggest that its dimer is more likely
to be present in solution than that of purothionin.
Both a1-PT and b-PT crystallized in the space group I422,
and their crystals have similar layer-like structure [6,7]. The
molecules of purothionins crystallize by arranging themselves
in tail to head fashion of four molecules in square arrange-
ments in the ac plane. The squares which are tilted from the
c-axis in the ac plane, pack together to form one layer. The lat-
tice contacts could be rationalized by the interactions A, B, C,
D and E [6,7]. The interaction between the squares in a single
layer forms a hydrophobic dimer reminiscent of the leucine
zipper and was termed B. The interaction between the layers
of twisted squares forms a polar dimer (termed D) via comple-
mentary hydrogen bonds of Asn11 and Asn14 to their twofold
symmetry mates. The B and D dimers pack together like a
four-helix bundle at the twofold-axes. Interactions A, C and
E that are not essential to the discussion here were formed
within the square arrangement and between remaining faces
of the layers. For example, the residues Arg10, Tyr13 and
Asn11 are pointed towards the interface of interaction D (po-
lar dimer). It has been suggested [4,13,14] that the layer-like
organization might be reminiscent of native toxins action on
the membrane.
Table 3
Interactions that stabilize the lattice in a-HT and the ligands PTS and
serine (SER)
Atom from
a monomer
Atom symmetry-
related molecule
Distance in
a-HT A/B
Ans11 OD1 Asn140 ND2 3.04
Val18 O Lys730 NZ 2.78
Arg55 O Ans640 ND2 2.74
Ser85 O Ser35 N 3.04
Ser85 OG Thr340 OG1 3.44
SER OG Ser2 N 2.90/3.01
SER OT1 Tyr13 OH 2.53/2.41
SER OT2 Arg17 NE 3.31/3.01
PTS O1 Arg30 NH1 3.03/3.48
PTS101 O1 Arg69 NH2 2.91
PTS O2 Ser60 OG 2.39/2.56
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to centered crystallographic symmetry of PT (I422). The con-
tent of asymmetric unit becomes an independent dimer. The
non-crystallographic axis of symmetry relating those dimers
is directed along the helices creating a four-helix bundle. At
the top of this bundle two molecules of p-toluene sulfate lend
stabilization to the packing (Fig. 3). That fact probably ex-
plains the necessity of this additive for robust crystallization.
A comparison of hydrophobic dimers of purothionins and
hordothionins is presented in Fig. 4. The details of interactions
stabilizing the hordothionin lattice are presented in Table 3.
3.4. Comparison to the hordothionin NMR structures
Although the NMR solution structure of hordothionin was
not deposited in the PDB, the qualitative comparison was car-
ried out. The NMR structure was of high quality with a small
RMSD distribution of 15 lowest energy structures (0.9 A˚).
The reported structure has the same folding as that derived
by X-ray crystallography. Many details of the structures areFig. 3. The close up of the PTS binding site. Please note the ‘‘face-to-
face’’ close contacts of both PTS molecules and symmetric contact of
PTS to Leu8. The contouring level for the electron density is 1.2r.
Fig. 4. Comparison of the atomic models of the weak hydrophobic
dimer of a1-PT (red and blue) and an independent dimer of a-HT (in
green). (A) A view similar to Fig. 2, (B) a 90 view showing
superposition of the helices. Please note similarities in a monomer
shape and antiparallel character of the purothionin dimer.virtually identical as revealed by NMR. The major diﬀerence
comes in absence of dimers in the NMR-deﬁned structure.
3.5. Comparison to the HT and other known thionin structures
Table 1 indicates that a-PT and a-HT diﬀer only by seven
residues. Most of those changes are very conservative. As a re-
sult the fold is almost the same with RMSD on all Ca around
0.56 A˚. All the conformational changes observed are in resi-
dues directly exposed to the interface. For example, Arg30,
Lys23 and Leu24 are exposed to the interface and have diﬀer-
ent conformations in subunit A and B. It is interesting to note
that Arg19 adopts a rare conformation to make a contact via
water molecules with a symmetry-related Arg19.
In recently solved X-ray structure of viscotoxin A3 [13] a di-
meric molecule is present in the asymmetric unit. The dimer of
viscotoxin A3 is diﬀerent from dimers observed in a-PT or a-
HT. They are much more twisted with almost perpendicular
direction of the helices. What is worth noting is that the bind-
ing site present in viscotoxin similar to that previously identi-
ﬁed in a-PT and described below in a-HT is occupied by a
phosphate group.
3.6. p-Toluene sulfonate binding site
The dimer present in the asymmetric unit is formed via direct
interaction of hydrophobic parts of the helical fragments in a
parallel fashion. The toluene sulfonate binding site is located
close to hydrophobic residue Leu8. This is in an analogous po-
sition to Trp8 in pyrularia toxin that was proven critical for
membrane binding [14]. Two PTS molecules are bound by P
stacking and are both ﬂanked by Leu8 of the neighboring sub-
units (Fig. 3). All those elements are in close Van der Waals
contact (3.5 A˚). The sulfonate moieties are exposed to sol-
vent and coordinated by the Arg30 and Arg34 residues. Side
chain of Ser6 also contributes to binding by hydrogen bonding
to the remaining oxygen atom on the sulfate group.
3.7. Serine binding site
Both a1- and b-purothionins have a glycerol molecule bound
at a speciﬁc site [6,7]. It was suggested that this glycerol mole-
cule must have survived the puriﬁcation procedure because it
was not present in crystallization buﬀer [7]. Similarly to PT
reﬁnement, in the very initial stages of the reﬁnement of HT,
we have noticed a large electron density not connected to the
protein. In a very conservative process described brieﬂy in Sec-
tion 2, we have tentatively established that the moiety respon-
sible for the diﬀerence density is a single isolated serine
Fig. 5. The close-up of the subunit B serine binding site in a-HT.
Please note the hydrogen bonds of SER solute to Ser2, Arg17, and
Tyr13. The contouring level for the electron density is 1r.
K.A. Johnson et al. / FEBS Letters 579 (2005) 2301–2306 2305molecule (Fig. 5). Serine is larger than a glycerol molecule by
only one atom. As in the case of the glycerol moiety in the
PT structure we have to speculate that the serine residue sur-
vived the puriﬁcation process. It ﬁts well with a modeled phos-
phatidyl serine based on the glycerol in PT. [14]. Serine
hydroxyl would form a hydrogen bond to amide nitrogen of
residue Ser2. The carboxyl oxygens of Ser are coordinated
by Tyr13 and the NE of Arg17. Both serine residues seem to
be in a similar conformation with amino nitrogen facing the
solvent. The distances between the protein and the ligands
are presented in Table 3. Experimental support for importance
of this common site for toxicity comes from the chemical mod-
iﬁcation studies done independently by Wada et al. [24] and
Evans et al. [25]. They showed that the toxins lose their toxicity
when Tyr13 is iodinated. The iodination would destroy the
glycerol–serine binding site and hence would abolish phospho-
lipid binding. The protein would no longer bind to mem-
branes.
3.8. Head group speciﬁcity/Lytic toxicity
The class of plant toxins to which the purothionins belong
plays an important role in fending oﬀ bacterial and other
pathogens by interacting with their membranes [1]. They are
toxic in vivo as well as in vitro to a variety of diﬀerent cells.
A proposed mode of action of these toxins is by lysing the mem-
branes of the invading organism [26]. The location of unique
speciﬁc serine binding sites coinciding with glycerol binding
sites in the purothionins has relevance to this activity. Based
on our crystallographic results, a mechanism for lytic action
involving the phosphate ion and the binding of a glycerol moi-
ety of a phospholipid at this site was previously proposed.
The same proposal requires the hydrophobic portion of the
molecule to initially contact the membrane. Residue 8 was
implicated in this contact. Analogous to the Ser modeled in
the hordothionin structure, presumably from a membrane
phospholipid head group, the solute in the hydrophilic dimer
of the purothionins was reﬁned as sec-butanol (from the
mother liquor) and then as glycerol (see above). These corre-
spondences strengthen the case for the crucial role of the
hydrophobic helical interaction and the hydrophilic head
group binding in the mechanism.
Based on the phosphate and glycerol binding sites in the
purothionins, the following mechanism has been proposedfor the membrane activity of the toxins [14]. In the native state,
the toxins are organized as dimers or tetramers with a bound
inorganic phosphate ion. When the positively charged protein
aggregate approaches the negatively charged membrane, on an
electrostatically driven diﬀusion path, the aggregate dissociates
into monomers and their ﬂat faces would be free to bind to the
membrane surface. Then the exposed inorganic phosphate ion
is exchanged for the head group of the phospholipid. The
emerging lipid tails are tightly bound in the groove created
by the b-sheet and a-helical part of the molecule. High water
solubility of the toxin and tight binding allows the phospho-
lipid to be solubilized and withdrawn from the membrane.
By this process, toxins change the natural composition of the
membrane destroying its physiological balance and in eﬀect
lyse the membrane [14].
It is worth emphasizing that multi-sequence alignment
underscored the common elements necessary for toxicity and
they are remarkably conserved in the entire family [14]. Impli-
cations of the fact are important for understanding the details
of the toxic mechanism as well for optimization of potency of
the in vitro designed toxins [27].4. Summary
The structure determination of a-HT at high resolution
(1.9 A˚) conﬁrmed the structural details of the thionin family.
The protein has a crambin fold with a short b-sheet stabilized
by two disulﬁdes and two a-helices also stabilized by two disul-
ﬁdes (crambin has a single S–S between the helices). The pres-
ence of solute molecules in the lattice reinforces the importance
of selective binding sites in the mechanism of toxicity proposed
before [14]. The importance of the serine binding site indepen-
dently conﬁrms the initial ﬁndings described in purothionin
crystal structures and provide additional support for the pro-
posed toxicity mechanism.
Although the structure of a-HT has overall similarity to that
of a1-PT, there is a key diﬀerence between the two in crystal
packing. The diﬀerence in packing underscores the importance
of oligomeric organization of those molecules. The general
packing scheme suggests that perhaps the hydrophobic dimer
is a basic organizational unit of those toxins and the hydro-
philic dimer has less importance in the general mechanism.
The critical placement of the important solvent molecules rein-
forces the notion of the hydrophobic attack on the membrane
by the helical part of the molecule.
The structure provides a new view on the organization of the
toxin and its function in the defense mechanism as a lytic agent.
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